Ustilago coicis causes serious smut on Coix lacryma-jobi in Dayang Town, Jinyun County, Zhejiang Province of China. In this paper, ultrastructural assessments on fungus-host interactions and teliospore development are presented, and molecular phylogenetic analyses have been done to elucidate the phylogenetic placement of the taxon. Hyphal growth within infected tissues was both intracellular and intercellular and on the surface of fungus-host interaction, and the fungal cell wall and the invaginated host plasma membrane were separated by a sheath comprising two distinct layers between the fungal cell wall and the invaginated host plasma membrane. Ornamentation development of teliospore walls was unique as they appeared to be originated from the exosporium. In addition, internal transcribed spacer (ITS) and large subunit (LSU) sequence data showed that U. coicis is closely related to Ustilago trichophora which infects grass species of the genus Echinochloa (Poaceae).
Introduction
Job's tears (Coix lacryma-jobi) , also called as Chinese pearl barley or adley, is a grass (Poaceae) cultivated as a nourishing food eaten in the same way as rice and is believed to have medicinal value (Chang, et al., 2003) . Job's tears smut is one of the most important diseases affecting this plant and occurs in many countries (Titatarn et al., 1983) . The causal agent of Job's tears smut was named as Ustilago coicis Bref. by Small (1927) . Although subsequently Mundkur (1940) named the smut fungus infectious on Job's tears as C. lacryma-jobi Mundkur, Chowdhury (1946) reported it as a synonym with U. coicis.
Smut genera Ustilago and Sporisorium (Ustilaginales) show a great diversity on grasses (Poaceae) (Stoll et al., 2005) . Generic delimitation can be characterized by single teliospores/teliospore balls, sori with or without columella and peridium, and sterile cells between the teliospores (Vánky, 1987; Stoll et al., 2003) . However, intermediate character combinations have made it difficult for consistent delimitation of these two closely related genera (Vánky, 1985; 1998; Stoll et al., 2003; 2005) . Supplementary ultrastructural characters of teliospore wall development of smut fungi have been reported and an attempt is made to research their taxonomic relationships (Piepenbring et al., 1998; Stoll et al., 2003) , but these studies have not included U. coicis. Molecular data have been used to delimit genera and species in Ustilaginaceae Begerow et al., 1997; Stoll et al., 2003; 2005) . Such studies have led to the revisions of the taxonomic position of several species but did not involve U. coicis. In this study, we systemically described interactions between U. coicis and C. lacryma-jobi, and the teliospore development at the ultrastructural level. In addition, we investigated the phylogenetic relationships of U. coicis with closely related taxa based on the internal transcribed spacer (ITS) and large subunit (LSU) region sequence analysis.
Materials and methods

Plants
Samples were collected from naturally infected leaves and inflorescences of Job's tears at different development stages in a field in Dayang Town (Jinyun County, Zhejiang Province, China) in August 2010.
Electron microscopy
Tissue samples (1 mm×2 mm) with mycelia of U. coicis and also with teliospore sori were fixed in glutaraldehyde (2.5%) in 0.1 mol/L sodium phosphate buffer (pH 7.0), overnight at 4 °C, including 5 min vacuum-infiltration. Samples were washed in the same buffer, and postfixed in osmium tetroxide (0.01 g/ml) in buffer for 2 h at room temperature. Tissues were dehydrated in a graded ethanol series and were then embedded in Spurr's epoxy resin, and polymerized at 70 °C for 9 h. Infection hyphae within or between cells at precise stages of development were identified by light microscopy and ultrathin sections were cut on a Reichert-Jung Ultracut-E ultramicrotome, collected onto Formvar-coated slot copper grids, and stained with uranyl acetate and lead citrate. Observations were made using a transmission electron microscope at 80 kV and a Gatan 832 CCD camera (Hitachi H-7650, Tokyo, Japan).
DNA extraction, amplification, and sequencing
The teliospores were collected from samples germinated at 28 °C on potato sucrose agar (PSA) with chloramphenicol and the single sporidia were separated as abundant sporidia were produced on PSA. The single-spore cultures were inoculated in 100 ml of liquid growth media (potato sucrose both (PSB)) in 250-ml flasks, and shaken at 150 r/min at 25 °C for 48 h. Fungal bodies were harvested by filtration, freeze-dried, ground to a final powder in liquid nitrogen, and then stored at −70 °C. About 50 mg of fungal powder was removed into a sterile 1.5 ml microcentrifuge tube, rehydrated in 600 µl of 2× CTAB buffer (100 mmol/L Tris (pH 8.0), 1.4 mol/L NaCl, 30 mmol/L ethylenediaminetetraacetic acid (EDTA), 2% hexadecyltrimethylammonium bromide) and incubated in a water bath at 65 °C for 30-60 min. Following a phenol/chloroform extraction, the genomic DNA was precipitated by isopropanol in the presence of sodium acetate. Genomic DNA was visualized in 1% agrose gels (0.01 g/ml) after ethidium bromide staining (Xie et al., 2010) .
The ITS and LSU regions were amplified using ITS1 and ITS4 as well as NL1 and NL4, respectively (O′Donnell, 1993) . The purified polymerase chain reaction (PCR) products were inserted into pMDTM19-T vector (TaKaRa Co., Japan) and transformed into Escherichia coli DH5α competent cells. The positive clone was propagated and the recombinant plasmids were extracted using AxyPrep plasmid miniprep kit according to the manufacturer's instructions (Axygen, USA). In the meantime, they were identified by PCR and restriction endonuclease enzyme digestion. The sequence determination of recombinant plasmid was carried out by the Hangzhou Genomics Institute in both directions. The accession numbers of all sequences used for comparison are listed in Table 1 .
Phylogenetic analyses
Phylogenetic analyses were performed using PAUP* 4.0b10 (Swofford, 2002) . Phylogenetic trees were built using the maximum parsimony (MP) method. In the MP analyses, trees were inferred using the heuristic search option with tree bisection and reconnection (TBR) branch swapping and 1 000 random sequence additions. Gaps were treated as missing data and characters were equally weighted. Maxtrees were unlimited, branches of zero length were collapsed, and all parsimonious trees were saved. Bootstrap analyses were based on 1 000 replications, each with 10 replicates of random stepwise addition of taxa. Kishino-Hasegawa (KH) tests were performed in order to determine whether trees were significantly different (Kishino and Hasegawa, 1989) . Trees were figured using TreeView (Page, 1996) . To be continued To be continued
Results
Interaction between Ustilago coicis and Coix lacryma-jobi
Before teliospore formation, transmission electron micrographs (TEMs) showed that hyphae of U. coicis were present between and within plant cells in parenchyma tissue of an ovary. The intracellular hypha growing in a cell was surrounded by a sheath comprising two distinct layers, which separated the fungal cell wall from the invaginated host plasma membrane (Fig. 1a) . The plant plasma membrane was continuous but occasionally it was convoluted at some sites. The outer layer of a sheath was an electron-opaque layer surrounded by the plant plasma membrane and an inner electron-dense layer covering the hyphal wall. However, the sheaths were variable between and within parenchyma tissue.
The intercellular hypha development caused intercellular space enlargement and elongation of plant cell walls but intercellular hyphal walls were occasionally only coated by an inconspicuous electrondense layer (Fig. 1b) .
In some cells with intracellular fungal development, the hyphae produced short or lateral branches (Fig. 1c) . In this case the host protoplast appeared to be disintegrated and these hyphae were not surrounded by a sheath (Figs. 1c and 1d) . They grew and branched extensively until individual host cells became filled with contorted and coiled hyphae, which constituted the hyphal aggregations (Fig. 1e) . These hyphae were sporogenous hyphae and their hyphal aggregations were the sites of teliosporogenesis. Subsequently, the aggregations caused host cells to disintegrate, resulting in large intercellular spaces in the parenchyma tissue of an affected ovary. 
Teliospore development
In a large intercellular space, abundant hyphal fragments were seen under the light microscope (Fig. 2a) and they had originated from the sporogenous hyphae. Under TEM, the hyphal fragments began to plasmolyze (Figs. 2b and 2c ) and the initial exosporia of the young teliospores were produced on the plasma membranes of the plasmolyzed hyphal fragments (Fig. 2d) . In this case, a young teliospore was in the completely plasmolyzed cell wall, but the fungal cell wall was still intact. With teliospore development, the electron-opaque warty ornamentation produced from the exosporium of a young teliospore (Fig. 2e ) but it appears to be homogenous with the exosporium. Fungal cell walls began to disintegrate but some remnants of fungal cell wall were retained on top of warts (Fig. 2f) and young teliospores were irregular. With further development, the warty ornamentation became electron-dense and young teliospores were regularly spherical or subspherical with a few lipid globules (Figs. 2g and 2h) . At this time, the exosporium also became electron-dense and was covered by spiny ornamentation, and young teliospores exhibited more lipid globules (Fig. 2i) . Subsequently, an electron-opaque endosporium in a young teliospore developed beneath the exosporium (Fig. 2j) . The mature teliospore wall was comprised of an endosporium of mostly constant thickness and an exosporium covered by warts (Fig. 2k) .
As teliospores of U. coicis matured, sori became darker and eventually black. SEM of sori revealed masses of matured teliospores (Fig. 3a) . Individual teliospores were fine spines or warts (Figs. 3b and 3c ) and usually between 9 and 11 μm in diameter.
Phylogenetic analysis
Sequence analysis showed that ITS/5.8S and LSU regions from three isolates of U. coicis were identical and one of them, isolate UCDY01, had been submitted to the GenBank database (Table 1) . The final ITS/5.8S and LSU dataset included 95 sequences with 1 316 characters after alignment. Parsimony analysis resulted in 52 equally parsimonious trees. The KH test showed that these trees were not significantly different. One of these trees is shown in Fig. 4 . 
5 μm The taxa name and GenBank number of each sequence are given on the tree. One isolate of U. coicis formed a monophyletic lineage and clustered together with U. trichophora with 84% bootstrap support when Moesziomyces bullatus (AB369259) was used as the outgroup taxon. Teliospores of U. trichophora are globose and ornamented with spines, and are similar to those of U. coicis (7-14 µm wide compared with 6-14 µm wide in U. trichophora) (Fullerton and Langdon, 1968; Titatarn et al., 1983) . U. trichophora is a pathogen infecting the ovaries and vegetable parts of Echinochloa grass species and exhibits intermediate morphlogical characters between Ustilago and Sporisorium.
Discussion
U. coicis can infect the ovaries and leaves of C. lacryma-jobi and cause Job's tears smut. In infected tissues, hyphal distribution is both intercellular and intracellular. At the ultrastructural level, it can be seen that intracellular hypha at the interface of fungus-host interaction is encased by a sheath with an outer electronopaque layer and an inner electron-dense layer, as shown in other species of Ustilago, such as U. esculenta (Zhang et al., 2012) . The teliosporogenesis process in U. coicis is similar to those of many species of Ustilago-infecting members of Poaceae. Teliospores are covered by fine to coarse warts or by warts of different sizes on the same teliospore. However, ornamentation development in U. coicis is unique. During teliosporogenesis in almost all smut fungi, the outer layers are usually deposited first. At the beginning of ornamentation formation, the plasma membrane may be smooth or undulated, carrying the developing ornaments on its tips or in its depressions (Piepenbring et al., 1998) . By contrast, the ornamentation of teliospores in U. coicis appeared to be produced on the exosporium of a young teliospore (Fig. 5) , never from the plasma membrane, being different from developmental patterns of ornamentation of Ustilago (Piepenbring et al., 1998; Zhang et al., 2012) . This shows that teliospore development in Ustilago is diverse.
The phylogenetic relationship between U. coicis and its closely related species in Ustilago was analyzed based on combined ITS and LSU sequence data. The phylogenetic analysis clearly indicates that U. coicis is closely related to U. trichophora.
Although peridia, columella, spore balls, and sterile cells have all been used as morphological characters to distinguish Ustilago from Sporisorium, sori of U. trichophora contain a columella and are packed by a peridium (Fullerton and Langdon, 1968) , which are typical Sporisorium characters (Piepenbring, 2003) , so U. trichophora was considered to demonstrate intermediate morphological characters (Piepenbring et al., 1998) between these genera. In Ustilago spp., U. trichophora and U. coicis have the same ornamentation with spines and could be not well differentiated by overlapping teliospore size (Fullerton and Langdon, 1968; Titatarn et al., 1983) . Piepenbring (2004) and Stoll et al. (2005) found that it was because morphological characters were non-homologous and had been misused as a taxonomic standard for defining the genera, resulting in the genus complex, as shown in Fig. 4 . Therefore, additional molecular loci are needed to resolve the Ustilago-Sporisorium complex, and should include morphological characters. 
Conclusions
In this article, we showed, for the first time, that there is a unique development of teliospore walls of U. coicis in Ustilaginaceae. In addition, phylogeny and fungus-host interactions of U. coicis were ultrastructurally assessed. Therefore, this research can provide more valuable information for taxonomy and biology in Ustilaginaceae.
